Introduction {#sec1-2331216517750262}
============

Cochlear implants (CIs) can substantially improve the ability of severely hearing-impaired listeners to understand speech in quiet. However, listening to music or a single voice in a crowded room is still challenging for most CI users (e.g., [@bibr26-2331216517750262]; [@bibr34-2331216517750262]). In such situations, sounds from multiple sources compose a complex acoustic waveform. Therefore, to hear out an individual source, for example, a specific speaker, the auditory system needs to separate this mixture into perceptually meaningful auditory objects (e.g., a speaker, a car, or a violin). This process of object formation is known as auditory scene analysis ([@bibr7-2331216517750262]). Two main processes have been described in auditory scene analysis: auditory stream integration, also named fusion, and auditory stream segregation, also named fission. When different sounds are perceived as a single auditory object, they are considered to be integrated. Conversely, when different sounds are perceived as separate auditory objects, they are considered to be segregated. The perceptual organization of sounds includes grouping of both simultaneous (e.g., [@bibr22-2331216517750262]) and sequential (e.g., [@bibr25-2331216517750262]) components of the auditory scene. [@bibr7-2331216517750262] made a distinction between primitive versus schema-based stream segregation. Primitive, or obligatory, stream segregation is a process considered to be driven exclusively by the acoustic characteristics of the stimuli and typically assumed to be involuntary and preattentive. Schema-based, or voluntary, stream segregation represents instead a process where attention influences perception and where the listener actively attempts to segregate the sounds.

To study integration and segregation of sequentially presented sounds, an auditory streaming paradigm has been proposed, where listeners are presented with sequences of triplets (ABA) with A and B representing narrowband sounds (typically pure tones) at different frequencies ([@bibr7-2331216517750262]; [@bibr37-2331216517750262]). When the A and B sounds are fused into a single stream, the sequence is perceived to have a galloping rhythm. Conversely, when the tones are perceived as being segregated, the galloping rhythm vanishes, and the A and B tones are perceived as two different monotonous streams. In normal-hearing (NH) listeners, low presentation rates or small frequency differences promote the integration of the A and B tones, whereas high presentation rates or large frequency differences promote segregation ([@bibr7-2331216517750262]; [@bibr37-2331216517750262]). The percept of the tone sequence may change over time, with an increasing probability of a segregated percept with increasing exposure time of the sequence. This phenomenon, commonly referred to as the build-up of stream segregation, has often been investigated under either integration-promoting listening instructions ([@bibr31-2331216517750262]; [@bibr36-2331216517750262]) or neutral listening instructions (e.g., [@bibr1-2331216517750262]; [@bibr6-2331216517750262]; [@bibr37-2331216517750262]). The build-up effect has also been reported by [@bibr21-2331216517750262] and [@bibr27-2331216517750262] when listeners were encouraged to segregate the sounds, even though it might be more likely to occur under integration-promoting instructions ([@bibr23-2331216517750262]). [@bibr37-2331216517750262] observed that listeners could either fuse or segregate the sounds for intermediate frequency separations of the A and B sounds. Based on these results, van Noorden defined the fission boundary (FB) as the smallest frequency difference at which segregation can occur and the temporal coherence boundary (TCB) as the largest frequency separation at which the sounds can be perceived as integrated. Thus, the TCB can be considered as the limit for obligatory stream segregation and the FB as the limit for voluntary stream segregation.

Auditory stream segregation abilities can be assessed by asking the listener to report whether a particular sound sequence was fused or segregated. In this subjective approach, the listener typically undergoes some training to distinguish the one-stream and the two-stream percepts. An alternative approach has been to measure the performance of the listener in a given task (e.g., a signal detection or discrimination task) that is affected by the integration or segregation of the sounds. Because this approach does not rely on subjective reports of perceived segregation, it has been referred to as an objective psychophysical measure of integration and segregation of sounds ([@bibr23-2331216517750262]).

Current CI stimulation strategies convey acoustic information mainly through place cues, with different frequency bands stimulating different electrodes (e.g., [@bibr39-2331216517750262]). However, it is not known to what extent CI listeners can make use of electrode separation cues to segregate sounds. Findings from previous studies have been contradictory. Some studies found similar trends as in NH listeners ([@bibr5-2331216517750262]; [@bibr9-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]), whereas other studies did not find any effect of the sequence duration or the tone presentation rate ([@bibr10-2331216517750262]), which are well documented in studies with NH listeners ([@bibr7-2331216517750262]; [@bibr25-2331216517750262]; [@bibr37-2331216517750262]). Thus, it has been suggested that CI listeners might experience some aspects of stream segregation as a function of electrode separation but might not be able to experience all aspects of full stream segregation ([@bibr9-2331216517750262]; [@bibr10-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]).

Previous studies assessing auditory streaming abilities of CI listeners as a function of place cues have made use of both subjective ([@bibr5-2331216517750262]; [@bibr9-2331216517750262]; [@bibr10-2331216517750262]) and objective measures ([@bibr11-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]). The subjective measures require the listener to be able to experience both fused and segregated percepts. It is unclear whether CI listeners can experience both fused and segregated percepts during their training sessions, and thus, results from the subjective measures could reflect electrode discrimination instead of perceived segregation ([@bibr10-2331216517750262]).

Most of the objective studies assessing streaming abilities of CI listeners used the irregular rhythm detection task ([@bibr12-2331216517750262]; [@bibr30-2331216517750262]). In this task, listeners are presented with sequences of alternating A and B tones. In some of the sequences, the timing between A and B sounds is kept constant throughout, while in other sequences, the B tones are gradually delayed along the sequence. Listeners are asked to decide if a given sequence has an irregular rhythm. Because the detection of rhythm changes is more difficult when the A and B sounds fall in separate streams (e.g., [@bibr23-2331216517750262], 2010; [@bibr37-2331216517750262]), the integration of the streams improves the performance in the detection task. Studies using the irregular rhythm detection task with CI listeners ([@bibr11-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]) observed better performance for small rather than large electrode separations. However, the results also presented substantial nonmonotonicities ([@bibr35-2331216517750262]), and a build-up effect of streaming was not found ([@bibr11-2331216517750262]). The irregular rhythm detection task has one confounding factor: Several studies have suggested that temporal gap detection abilities in CI listeners worsen when the gap markers are presented from different electrodes (e.g., [@bibr14-2331216517750262]; [@bibr38-2331216517750262]) or with different pulse rates (e.g., [@bibr8-2331216517750262]). Thus, a worsening of the detection performance on the irregular rhythm detection task might not be solely due to stream segregation ([@bibr11-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]).

While the irregular rhythm detection task has been used to assess obligatory stream integration abilities and the TCB, voluntary stream segregation has received less attention. In one experiment, [@bibr11-2331216517750262] assessed the effect of electrode separation on the ability to segregate a simple melody from interleaved distractor notes. The task was facilitated by the segregation of the streams and, thus, assessed voluntary segregation. They observed that CI listeners were not able to identify the target melody in the presence of the interleaved distractors without loudness cues, regardless of the electrode range of the distractors relative to the melody. The sequences used by [@bibr11-2331216517750262] had a fixed duration of 2.2 s. It is therefore unclear whether the poor performance in the task was due to poor voluntary stream segregation abilities or due to too short sequences, assuming that CI listeners might need more time to build up a two-stream percept even in a segregation-promoting paradigm.

The present study investigated voluntary stream segregation abilities in CI listeners as a function of place cues. Rhythm detection performance was measured in a paradigm where the listeners were required to make within-stream time judgments in the presence of a temporally irregular distractor stream. Thus, the task became easier if the listeners could segregate the target from the distractor. This paradigm has previously been used with NH listeners ([@bibr23-2331216517750262]; [@bibr27-2331216517750262]; [@bibr28-2331216517750262]) but not yet considered in studies with CI listeners. While in the irregular rhythm detection task ([@bibr12-2331216517750262]) the integration of the streams improves performance, in the present study, the segregation of the streams should facilitate detection performance. Thus, the gap detection confounding factor of the irregular rhythm detection task is here avoided by encouraging the listeners to perform within-channel temporal judgments. In Experiment 1, the electrode separation and the sequence duration were varied to clarify (a) whether place cues help CI listeners to voluntarily segregate sounds and (b) whether a two-stream percept needs some time to build up. Experiment 2 combined measurements at three extra electrode separations in a subset of the listeners with an ideal observer (IO) model to estimate the minimum electrode separation needed to segregate the streams.

Experiment 1: Exploring the Contribution of Place Cues to Voluntary Stream Segregation {#sec2-2331216517750262}
======================================================================================

Rationale {#sec3-2331216517750262}
---------

Experiment 1 aimed to determine whether place cues can help CI listeners to voluntarily segregate sequential sounds and whether this segregation occurs instantaneously or if it needs some time to build up. Streaming abilities of CI listeners were assessed in a rhythm detection task. The paradigm was inspired by [@bibr21-2331216517750262] and [@bibr23-2331216517750262] and has previously been used by [@bibr28-2331216517750262] and [@bibr27-2331216517750262] to assess voluntary stream segregation abilities of NH listeners. In this paradigm, the listeners are asked to detect a small delay applied to the last sound of the sequence. The rhythm detection task is facilitated by the segregation of the streams. Thus, if place cues help CI listeners to segregate the A and B streams, better performance should be achieved for larger electrode separations between the streams. Conversely, if place cues do not contribute to the segregation of the streams, the performance in the rhythm detection task should not depend on the electrode separation between the streams. Furthermore, the presence of a build-up effect should result in better performance for the longer sequences, whereas the lack of such build-up should lead to similar performance for short and long sequences. The better performance for the longer sequences could also reflect the longer time to focus on the steady rhythm of the target stream in the long sequence. Thus, rhythm detection performance was also measured for the long and short sequences in the absence of the distractor stream, to quantify the effect of sequence duration on the task when no stream segregation is necessary.

Methods {#sec4-2331216517750262}
-------

### Listeners {#sec5-2331216517750262}

Nine Cochlear CI listeners (six female and three male) participated in this experiment. The listeners were aged between 19 and 78 years (*M*: 48 years, *SD*: 25 years; see [Table 1](#table1-2331216517750262){ref-type="table"}) and had no residual hearing in their implanted ear. All listeners were bilateral except listener 7 who was bimodal. For listener 7, the contralateral ear was unaided and blocked with an ear plug during the experiments. All listeners provided informed consent prior to the study, and all experiments were approved by the Science-Ethics Committee for the Capital Region of Denmark (reference H-16036391). Table 1.Relevant Information About CI Listeners.ListenerAgeGenderOnset of deafnessImplant (ear)Years of experienceExperiment 1Experiment 2119FPrelingualCI24RE (right)16YesNo221FPrelingualCI24R (right)14YesNo321MPrelingualCI24RE (right)9YesYes474FPostlingualCI24R (left)13YesYes573MPostlingualCI24RE (right)3YesYes664FPerilingualCI24R (right)15YesYes778MPostlingualCI24RE (right)3YesNo861FPerilingualCI24RE (right)3YesYes921FPrelingualCI24RE (left)16YesYes[^1]

### Stimuli and conditions {#sec6-2331216517750262}

The stimulation paradigm is illustrated in [Figure 1](#fig1-2331216517750262){ref-type="fig"}, where different panels represent different conditions. A sequence of regularly presented bursts of pulses on a single electrode (B) was interleaved with an irregular sequence presented on a different electrode (A). In half of the trials, a small temporal delay (Δ*t*) was added to the last burst of the regular B sequence, the target stream. The listeners were asked to indicate after each trial whether or not the last sound of the sequence was delayed. A jitter was added to the period between consecutive bursts of the A sequence, the distractor stream, making time judgments between successive A and B sounds an unreliable cue for performing the task. Therefore, to optimize performance, the listener needs to compare the time interval between the last two B sounds with those between previous B sounds. Thus, the task becomes easier if the A and B sequences fall into different streams ([@bibr23-2331216517750262]; [@bibr28-2331216517750262]; [@bibr27-2331216517750262]), encouraging the listener to segregate the streams. Figure 1.Graphical representation of the experimental paradigm. The onset-to-onset interval is represented by T and the delay of the last B sound by Δ*t*. The electrode separation between A and B sounds varied across conditions.

Two sequence durations were tested ([Figure 1](#fig1-2331216517750262){ref-type="fig"}). The long sequence consisted of 12 AB pairs and the short sequence of 4 AB pairs, resulting in a nominal duration of 3.96 and 1.24 s, respectively, when no Δ*t* was present. All sequences started with the distractor stream (A). The target stream (B) was always played through electrode 11,^[1](#fn1-2331216517750262){ref-type="fn"}^ located at the midpoint of the array, with an onset-to-onset interval of 340 ms. The distractor stream (A) was played through either electrode 12 or 19 depending on the condition, leading to an electrode separation between target and distractor of either one or eight electrodes in the apical direction. This choice aimed to make the listening task more pleasant for the listeners by avoiding basal, high-pitch electrodes. The onset-to-onset interval of the distractor stream varied for each presentation, having a nominal duration of 340 ms ± 220 ms jitter. The jitter values were uniformly distributed. Consecutive A and B sounds were always separated by a minimum interval of 10 ms.

Each A and B sound consisted of a 50-ms biphasic pulse burst presented with a fixed rate of 900 pulses per second (pps) in monopolar mode. Each biphasic pulse had a phase width of 25 µs and phase gap of 8 µs. The stimuli were presented through the Nucleus Implant Communicator research interface (NIC v2, Cochlear Limited, Sydney).

Rhythm detection performance for the long and short sequences was also measured without the distractor stream. These conditions were significantly easier than the test conditions, and thus, a different (shorter) Δ*t* value was used to avoid ceiling effects. Because listener 2 was not available for the control condition, no control data were available for this listener.

For each combination of electrode separation and sequence duration, 60 presentations of the delayed sequence and 60 presentations of the non-delayed sequence were used to calculate the listener's sensitivity (*d*′) to the delayed target.

### Loudness balancing {#sec7-2331216517750262}

Loudness has been found to be an effective cue for sound segregation of CI listeners (e.g., [@bibr11-2331216517750262]; [@bibr20-2331216517750262]). The stimuli were therefore loudness-balanced in this experiment. Categorical loudness scaling was performed for each electrode using an 11-step attribute scale ranging from off (Attribute 0) to too loud (Attribute 10). The intensity of the pulse train was increased in steps of 1.6 dB until the listener could perceive a just noticeable sound (Attribute 1). The intensity of the pulse train was further increased with a step size of 0.8 dB until the sound became comfortable but soft (Attribute 5). Finally, a step size of 0.3 dB was used until the sound became loud but comfortable (Attribute 7) and then decreased again until the most comfortable level (MCL) was reached (Attribute 6).

Once all electrodes were set at MCL, each pair of target and distractor electrodes (i.e., 11/12 and 11/19) were loudness matched by the listener using a simple user interface, which allowed the increase and decrease of the distractor sound intensity in steps of 0.15, 0.3, or 0.45 dB. The loudness matching of the electrode pairs was performed in the beginning of each session. The level of the loudness-balanced stimuli did not markedly change for the different sessions.

### Delay (Δ*t*) adjustment procedure {#sec8-2331216517750262}

Individual Δ*t* values were used in this study. Δ*t* values were chosen such that all listeners would be equally sensitive to the delayed target in a given condition. The long sequence with the largest electrode separation (12 AB pairs with the distractor stream played at electrode 19) was used for the individual adjustment of Δ*t*. The sensitivity to the delayed target was measured for four different delays: 5, 40, 80, and 120 ms or 5, 30, 60, 90 ms (listener 9) based on 30 presentations of each delayed sequence and 30 presentations of the non-delayed sequences. The four Δ*t* values were presented in random order. A sigmoid function bounded between 0 and 4.7 was fitted to the data of each listener using the MATLAB fitting toolbox. The individual Δ*t* was defined as the delay leading to a signal sensitivity of *d*′ = 2. Individual Δ*t* values were always smaller than the 110 ms jitter applied to each A sound (see [Table 2](#table2-2331216517750262){ref-type="table"}). Table 2.Individual Δ*t* Values as Obtained From the Delay Adjustment Procedure.ListenerΔ*t* (ms) for *d*′ = 2Δ*t* (ms) for control condition, *d*′ = 314030270--35235445355353268055780808602893530

The same delay adjustment procedure was used to find the individual Δ*t* values to be used in the control conditions. In this case, the long sequence without distractor stream with delays of 5, 20, 40, and 60 ms was used to fit the psychometric function. The delay leading to *d*′ = 3 was chosen as Δ*t* for the control condition (see [Table 2](#table2-2331216517750262){ref-type="table"}). This *d*′ value was chosen to keep the control conditions relatively easy while avoiding ceiling effects.

### Procedure {#sec9-2331216517750262}

The experiments took place in a double-walled, sound-attenuating booth at the Technical University of Denmark and were organized in two sessions, each lasting 2 h including short breaks. The first session included a brief description of the task, the loudness balancing of the different electrodes, training for the rhythm detection task, and the delay adjustment procedures. All four conditions as well as the two control conditions were tested in the second session.

A one-interval, two-alternative, forced-choice procedure was used, where the listeners were asked to report whether a given sequence contained a delayed target or not. A one-interval task was chosen instead of a two- or three-interval paradigm to minimize the attentional effort required to perform the task ([@bibr27-2331216517750262]).

Listeners were familiarized with the rhythm detection task by listening to the target stream in the absence of any distractor sound. They were asked to report whether the sequence of target sounds was regular (non-delayed) or irregular (delayed). Once the task was clear, the distractor stream was introduced from electrode 19 (i.e., a large electrode separation) at a soft (but audible) level. Listeners were asked to perform the task while ignoring the distractor sounds. The level of the distractor stream increased progressively until both target and distractor sounds were presented at the listener's MCL. The training procedure was repeated with the distractor presented at electrode 12 (i.e., a small electrode separation). The duration of the training varied across listeners, ranging between 10 to 20 min.

Eight different sequences were presented to the listeners, resulting from the combination of two possible distractor electrodes (12 or 19), two sequence durations (4 and 12 AB pairs), and two different Δ*t* values (delayed or non-delayed). Short and long sequences were presented in different blocks. In each block, each of the four possible sequences was repeated 12 times in pseudorandom order, ensuring that the distractor electrode alternated from one sequence to the next one. Thus, the first sound of each sequence alternated between electrode 12 and 19, contributing to the resetting of the build-up of a two-stream percept after each presentation ([@bibr31-2331216517750262]). Each block was repeated five times in a random order.

The control conditions were tested in four blocks (two with long sequences and two with short sequences) containing 30 repetitions of the delayed and 30 repetitions of the non-delayed sequences. The control blocks were randomly presented at the beginning or at the end of either session.

### Statistical analysis {#sec10-2331216517750262}

Unless otherwise specified, statistical inference was performed by fitting a mixed-effects linear model to the computed *d*′ scores. The experimental factors (i.e., electrode separation, sequence duration, and their interaction) were treated as fixed effects terms, whereas listener-related effects were treated as random effects. The model was implemented in R using the *lme4* library ([@bibr2-2331216517750262]), and the model selection was carried out with the *lmerTest* library ([@bibr18-2331216517750262]) following the backward selection approach based on stepwise deletion of model terms with high *p* values ([@bibr17-2331216517750262]). The *p* values for the fixed effects were calculated from *F* tests based on Sattethwaite's approximation of denominator degrees of freedom, and the *p* values for the random effects were calculated based on likelihood ratio tests ([@bibr17-2331216517750262]). Post hoc analysis was performed through contrasts of least-square means using the *lsmeans* library ([@bibr19-2331216517750262]) and the lme4 model object. The *p* values were corrected for multiple comparisons using the Tukey method.

Results {#sec11-2331216517750262}
-------

The individual results from Experiment 1 are shown in [Figure 2](#fig2-2331216517750262){ref-type="fig"}, where each panel represents one listener. The sensitivity to the delayed B sound is plotted for each electrode separation and for the control condition with black circles representing the long sequence and gray triangles representing the short sequence. Figure 2.Individual sensitivity to the delayed tone (*d*′) for each electrode separation and sequence duration. Error bars represent the standard errors of the *d*′ estimates.

[Figure 3](#fig3-2331216517750262){ref-type="fig"} shows the results from Experiment 1. [Figure 3(a)](#fig3-2331216517750262){ref-type="fig"} shows *d*′ scores for all combinations of sequence duration and distractor electrode. [Figure 3(b)](#fig3-2331216517750262){ref-type="fig"} shows the individual difference between *d*′ scores in the long and short sequences, for each distractor electrode. [Figure 3(c)](#fig3-2331216517750262){ref-type="fig"} shows the individual difference between *d*′ scores obtained when the distractor and the target were separated by one and eight electrodes, for each sequence duration. The significance of the statistical contrasts is illustrated with asterisks. Both sequence duration, *F*(1, 7.94) = 7.214, *p* = .028, distractor electrode, *F*(2, 7.85) = 16.348, *p* = .002, and their interaction, *F*(2, 15.18) = 17.503, *p* \< .001, were found to be significant factors in the statistical model. Figure 3.(a) Sensitivity to the delayed tone (*d*′) for each condition. (b) Individual differences in *d*′ between the long and short sequences for the different electrode separations and the control condition. (c) Individual differences in *d*′ achieved when the distractor and the target were separated by one and eight electrodes for each sequence duration.

[Figure 3(a)](#fig3-2331216517750262){ref-type="fig"} and ([c](#fig3-2331216517750262){ref-type="fig"}) show that for the long sequence, greater *d*′ scores were obtained when the electrode separation between distractor and target was eight electrodes rather than one, *t*(19.23) = 4.439, *p* = .003, difference estimate = 1.221, implying that CI listeners benefitted from the larger target-distractor electrode separation to perform the task. Conversely, the distractor electrode did not significantly affect *d*′ scores in the short sequence, *t*(19.23) = 0.333, *p* = .999, difference estimate = 0.091.

[Figure 3(a)](#fig3-2331216517750262){ref-type="fig"} and ([b](#fig3-2331216517750262){ref-type="fig"}) show a significant difference in *d*′ scores between the long and short sequences when distractor and target streams were separated by eight electrodes, *t*(14.49) = 5.311, *p* = .001, difference estimate = 1.096. No significant difference was observed when the distractor and the target streams were separated by one electrode, *t*(14.49) = −0.160, *p* = 1.000, difference estimate = −0.033, or for the control condition, *t*(15.79) = 1.588, *p* = .533, difference estimate = 0.341.

Discussion {#sec12-2331216517750262}
----------

Experiment 1 investigated if electrode separation promotes voluntary stream segregation and whether a segregated percept needs time to build up in a segregation-promoting paradigm. The detection performance was assumed to improve if the listeners would perceptually segregate the A and B sequences. Thus, greater *d*′ scores represent higher likelihood for a segregated percept.

Earlier studies that considered temporal tasks to assess streaming abilities of CI listeners reported a large variability in their results ([@bibr11-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]). Such variability is likely to represent differences in both streaming abilities as well as temporal discrimination abilities across subjects. In an attempt to minimize the variability due to individual differences in temporal discrimination abilities, Δ*t* was adjusted for each listener. Despite this individual adjustment of the task difficulty, the results still varied considerably across listeners ([Figures 2](#fig2-2331216517750262){ref-type="fig"} and [3](#fig3-2331216517750262){ref-type="fig"}).

Greater *d*′ scores were observed, overall, for the large than for the small electrode separation between the target and the distractor stream. Thus, a large electrode separation facilitated the detection task, suggesting that CI listeners were able to make use of place cues to segregate the A and B sequences. This finding is consistent with reports from previous studies (e.g., [@bibr9-2331216517750262]; [@bibr15-2331216517750262]; [@bibr35-2331216517750262]). However, this was only observed for the long sequence and not for the short one, in which *d*′ scores did not depend on the electrode separation ([Figure 3(a) and (c)](#fig3-2331216517750262){ref-type="fig"}). The build-up process of a two-stream percept has been widely reported for NH listeners, both in obligatory ([@bibr31-2331216517750262]; [@bibr36-2331216517750262]) and voluntary stream segregation ([@bibr21-2331216517750262]; [@bibr27-2331216517750262]). Presumably, the short sequence in the present study was not long enough to allow such build-up process to occur in the CI listeners. The results from the no-distractor condition demonstrated that detecting the delay on the B sequence per se was not affected by the sequence duration. Thus, the greater *d*′ scores achieved for the large rather than for the short electrode separation in the long sequence are likely to represent the build-up of a two-stream percept. The results from Experiment 1 suggest that a similar build-up process is experienced by both NH and CI listeners during voluntary stream segregation. This is consistent with the findings from [@bibr5-2331216517750262], who investigated the time course of stream segregation in CI listeners as a function of frequency separation and found similar trends in CI and NH listeners. In that study, the listeners directly reported their percept without any specific instructions encouraging integration or segregation of the sounds. Thus, it is possible that the reports from the CI listeners reflected pitch or electrode discrimination instead of stream segregation ([@bibr9-2331216517750262]; [@bibr10-2331216517750262]). Such uncertainty was avoided in the present study by using a detection task that specifically promotes segregation.

[@bibr11-2331216517750262] did not find an effect of electrode separation on voluntary stream segregation performance in CI listeners. However, their sequences had a fixed duration of 2.2 s. This is longer than the short sequence (1.24 s) and shorter than the long sequence (3.96 s) used in the present study. Thus, the results from the present study suggest that CI listeners need between about 1.2 and 4 s to build up a two-stream percept when place cues are provided through a segregation-promoting paradigm. In the study of [@bibr11-2331216517750262], such build-up effect could have been significantly reduced by introducing large loudness differences between the streams, which has been shown to be a strong cue for stream segregation in CI listeners ([@bibr20-2331216517750262]). In their study, CI listeners performed near-chance level in the absence of loudness cues but could segregate the target sounds when the distractor sounds were attenuated by at least 50% of the listener's dynamic range. In the present study, CI listeners required shorter Δ*t* values to avoid ceiling effects in the absence of the distractor stream. This implies that performance in the rhythm detection task was substantially affected by the presence of a distractor stream even when the electrode separation between the target and the distractor was as large as eight electrodes. Thus, even though CI listeners seem to be able to achieve a segregated percept and exhibit a similar build-up process as the one reported for NH listeners, it is likely that they need longer time to achieve a fully segregated percept when only place cues are provided.

The results reported in the present study are similar to the ones obtained by [@bibr27-2331216517750262] who used a similar segregation-promoting paradigm to investigate the effect of spectral separation and sequence duration on stream segregation in NH listeners. They found a significant interaction between the sequence duration and the spectral separation between the A and B sounds. A corresponding interaction between electrode separation and sequence duration was found here for CI listeners. [@bibr35-2331216517750262] made use of the irregular rhythm detection task ([@bibr12-2331216517750262]) to assess obligatory stream segregation abilities of both NH and CI listeners. Despite the variability of the CI group, the results showed similar trends for both NH and CI listeners, with no significant differences between the groups. The similarity in the trends observed in both groups supports the idea that CI listeners and NH listeners might experience both voluntary and obligatory stream segregation in a similar way.

Experiment 2: Estimating the Fission Boundary {#sec13-2331216517750262}
=============================================

Rationale {#sec14-2331216517750262}
---------

Experiment 2 investigated how large the electrode separation needs to be for segregation to occur using a subset of the listeners from Experiment 1. The same rhythm detection task as in Experiment 1 was used. However, the sequence duration was fixed at 3.96 s (long sequence in Experiment 1), and only the electrode separation was varied.

The rhythm detection task used in Experiments 1 and 2 encouraged the listeners to focus on the temporally regular B sounds and ignore the jittered A sounds. However, the distribution of possible onset-to-onset gaps between the last A and B sounds was shifted by +Δ*t* in the delayed with respect to the non-delayed sequences, providing the listeners with an extra cue to perform the task. As a result, listeners could achieve above chance performance even when unable to segregate the streams. Due to the individual adjustment of Δ*t*, the *d*′ reflecting chance level performance varied across listeners. In Experiment 2, an IO model was used to establish the upper limit of performance for each listener when the streams were assumed to be perceived as fused.

Methods {#sec15-2331216517750262}
-------

The methods used in Experiment 2 are identical to those used in Experiment 1, unless otherwise stated.

### Listeners {#sec16-2331216517750262}

Six CI listeners (four female and two male) participated in this experiment. The listeners were 21 to 74 years old (*M*: 52 years, *SD*: 23 years; see [Table 1](#table1-2331216517750262){ref-type="table"}) and had no residual hearing in their implanted ear.

### Stimuli and conditions {#sec17-2331216517750262}

Five electrode separations were tested with a sequence duration of 12 AB pairs, leading to a nominal duration of 3.96 s. The target stream (B) was always played through electrode 11, and the distractor stream (A) was played through electrode 11 (no difference condition), 12, 14, 16, or 19 depending on the condition. Each pulse burst was presented at a rate of 900 pps. As in Experiment 1, an additional delay (Δ*t*) was sometimes added before the last burst of the target stream (see [Table 2](#table2-2331216517750262){ref-type="table"}).

### Procedure {#sec18-2331216517750262}

The first session comprised a brief explanation of the task, the loudness balancing, and some of the blocks from the rhythm detection task. The remaining blocks as well as the no-difference condition were tested in the second session. Ten different sequences were presented to the listeners, resulting from the combination of five possible distractor electrodes (11, 12, 14, 16, or 19) and two different Δ*t* values (delayed or non-delayed). The distractor electrodes 12, 14, 16, and 19 were presented in pseudorandom order, ensuring that the different distractor electrodes were used in consecutive sequences. Distractor electrode 11 was tested on a separate block.

### IO model {#sec19-2331216517750262}

An IO model was used to simulate the best possible performance that listeners could achieve if the delay between the last A and B sounds was the only available cue. The model categorized individual trials as delayed or non-delayed by evaluating the gap between the last A and B sounds of a given sequence and comparing it with the nominal gap between consecutive A and B sounds (i.e., 170 ms). A given trial was categorized as delayed if the gap between the last A and B sounds was larger than the nominal gap. Otherwise, the trial was categorized as non-delayed. Because Δ*t* values were adjusted individually, the probability of giving a correct answer when fusing the A and B streams (chance level) was different for each listener. Thus, the gap between the last A and B sounds of each presentation was stored for each listener and condition and used as input to the IO model. The IO model generated a *d*′ estimate for each listener and condition. Segregation was considered to occur when CI listeners' performance was significantly better than the one achieved by the IO model.

### Statistical analysis {#sec20-2331216517750262}

A mixed-effects linear model was fitted to the *d*′ scores. The electrode separation and data type (listener's data or IO model prediction) were treated as fixed effects terms, whereas listener-related effects were treated as random effects (correlated random intercept and slope). Statistical contrasts between the individual listener's data and their respective IO model predictions were performed using *t* tests with the mean and standard error from each *d*′ estimate. The resulting *p* values were adjusted for multiple comparisons for controlling the false discovery rate ([@bibr3-2331216517750262]).

Results {#sec21-2331216517750262}
-------

[Figure 4](#fig4-2331216517750262){ref-type="fig"} shows the individual results from Experiment 2. For each listener, the *d*′ scores are shown for each target-distractor electrode separation. The experimental data are indicated by the black-filled circles. Estimates from the IO model are indicated by the gray triangles. Adjusted *p* values resulting from the statistical contrast between the achieved *d*′ scores and the IO model predictions are indicated with asterisks. Figure 4.Individual sensitivity (*d*′) scores to the delayed tone for each electrode separation (black circles, solid line) as well as the corresponding ideal observer model prediction (gray triangles, dashed line). Error bars represent the standard errors of the *d*′ estimates. A statistically significant difference between the IO model predictions and the listener's data is indicated by one asterisk if .05 \> *p* \> .01, two asterisks if .01 \> *p* \> .001, and three asterisks if *p* \< .001.IO = ideal observer.

Sensitivity scores generally increased for larger electrode separations between the A and B sequences. On average, listeners required a minimum separation of 2.8 electrodes to obtain significantly larger *d*′ scores than those from the IO model. However, a large variability was observed across listeners: While listeners 4, 6, and 9 obtained significantly larger *d*′ scores than the IO model when the A and B sequences were separated by one or more electrodes, listeners 5 and 8 required a minimum separation of three electrodes, and listener 3 could only obtain larger *d*′ scores than the IO model for a separation of eight electrodes. None of the listeners achieved significantly larger *d*′ scores than those predicted by the IO model ([Figure 4](#fig4-2331216517750262){ref-type="fig"}) for the no difference condition.

[Table 3](#table3-2331216517750262){ref-type="table"} summarizes the results from the statistical contrast between *d*′ scores obtained by CI listeners and those predicted by the IO model, based on the lsmeans estimates obtained from the mixed-effects linear model. Both electrode separation, *F*(4, 40) = 12. 810, *p* \< .001, data type, *F*(1, 5) = 33.496, *p* = .002, and their interaction, *F*(4, 40) = 13.083, *p* \< .001, were found to be significant factors in the statistical model. Listeners' *d*′ scores were significantly larger than those obtained with the IO model for a separation of three or more electrodes between the A and B streams. Table 3.Summary of the Statistical Contrast Between *d*′ Scores Obtained by CI Listeners and IO Model for Each Electrode Separation.Electrode separationDifference estimate*t* ratio*p*00.2200.932.99210.6192.627.29031.1474.870.00751.6456.984\<.00181.5746.683\<.001[^2]

[Figure 5](#fig5-2331216517750262){ref-type="fig"} contains *d*′ scores from all listeners (dark gray boxes) and the corresponding IO model estimates (light gray boxes). The *d*′ scores from the listeners increased monotonically with the electrode separation between the A and B sounds, possibly reaching a plateau at a separation of five electrodes. The IO model predictions were rather constant across the different electrode separations, although they showed some variability both across the different electrode separations and across listeners. The variability across electrode separations reflects the limited number of observations used for calculating the *d*′ (60 observations of the delayed and 60 observations of the non-delayed sequences) because the IO model predictions were solely based on the gap between the last A and B sounds and did not depend on the electrode separation between the A and B sequences. Instead, the variability across listeners reflects the use of individual Δ*t* values in this experiment. The IO model predictions were related to Δ*t* because larger Δ*t* values increased the difference between the distributions of possible gaps between the last A and B sounds of the delayed and non-delayed sequences. Thus, the larger was Δ*t*, the larger was the predicted *d*′. Figure 5.Sensitivity (*d*′) scores to the delayed tone for each electrode separation. Data from the CI listeners are plotted in dark gray and predictions from the ideal observer model in light gray.IO = ideal observer; CI = cochlear implant.

Discussion {#sec22-2331216517750262}
----------

Experiment 2 combined measurements of performance using the rhythm detection task from Experiment 1 and predictions from an IO model to estimate the minimum electrode separation needed to segregate the streams. Consistent with the results from Experiment 1, greater *d*′ scores were achieved for larger electrode separations, demonstrating that a larger electrode separation facilitated the segregation of the sounds. Moreover, all CI listeners achieved significantly greater *d*′ scores than those predicted by the IO model, indicating that all listeners were able to achieve a segregated percept.

[@bibr5-2331216517750262] made use of direct reports of perception from CI listeners to assess the role of place cues on stream segregation. Even though their study did not aim to estimate the FB, they reported an ambiguous percept for a frequency separation of six semitones between the A and the B sounds and suggested that a separation of two to three electrodes might be needed by CI listeners to segregate the sounds. With a similar paradigm as [@bibr5-2331216517750262] and [@bibr10-2331216517750262] found little or no evidence for ambiguous percepts. The results from these studies indicated the proportion of time where listeners reported a two-stream percept, and thus, they might be influenced by how listeners were instructed to perform the task. Ultimately, if listeners are uncertain about what to listen for, they might report pitch or electrode discrimination instead of segregation ([@bibr9-2331216517750262]; [@bibr10-2331216517750262]). The results from Experiment 2, where the FB was assessed through a rhythm detection task, support the hypothesis of [@bibr5-2331216517750262]. Three out of six listeners were able to segregate the sounds when they were presented from adjacent electrodes, and all (but one) listeners were able to experience a segregated percept with a separation of three electrodes.

Temporal perception has been found to be similar in CI and NH listeners (e.g., [@bibr24-2331216517750262]; [@bibr32-2331216517750262]), and previous studies have demonstrated that CI listeners are able to make use of temporal cues to segregate sounds (e.g., [@bibr13-2331216517750262]; [@bibr16-2331216517750262]). Temporal regularity and predictive processing are known to influence the representation of auditory objects, with irregular sounds being more likely to be segregated (for a review, see [@bibr4-2331216517750262]). In the present study, the distractor stream was always temporally irregular, possibly contributing to the segregation process. The temporal regularity properties of the streams were kept constant across conditions; therefore, it cannot account for the improvement in performance observed for the larger electrode separation. [@bibr28-2331216517750262] observed that listeners were able to segregate sequential sounds under attentive listening even when only temporal regularity cues were present. In the present study, none of the CI listeners achieved significantly larger *d*′ scores than those predicted by the IO model for the no difference condition, where both A and B streams were presented through the same electrode and with identical pulse rate. Thus, even though the temporal irregularity of the distractor stream may contribute to the segregation process both in NH and in CI listeners (e.g., [@bibr28-2331216517750262]; [@bibr29-2331216517750262]), in the present study, this cue was not found to be strong enough to elicit a segregated percept. Instead, place cues were the dominant cue used by CI listeners to segregate the streams.

Overall Summary and Conclusion {#sec23-2331216517750262}
==============================

The present study assessed the effect of place cues on voluntary stream segregation in CI listeners. The results from Experiment 1 suggest that CI listeners can make use of place cues to voluntarily segregate sounds. Moreover, a build-up process similar to that reported in NH listeners was observed. In Experiment 2, all (but one) listeners were able to segregate the sounds for electrode separations of three electrodes, with some listeners being able to segregate sounds coming from adjacent electrodes. Experiment 2 also validated the use of the rhythm detection task to assess the effect of electrode separation on stream segregation in the presence of temporal regularity cues because temporal regularity was not salient enough to elicit a segregated percept in the absence of place cues. Altogether, place cues seem to play an important role for the segregation of sounds, allowing CI listeners to segregate sequentially presented sounds. However, these findings are based on a relatively simple paradigm and should not be extrapolated to more complex and realistic scenarios without further investigation. It is possible that the limitations experienced by CI listeners in complex listening scenarios, such as speech intelligibility in a noisy environment, arise from the degraded frequency resolution. Current sound coding strategies result in a wide range of electrodes being active most of the time, which might limit the place information available to the listener (e.g., [@bibr35-2331216517750262]).
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In the Cochlear electrode array, electrode 1 is the most basal electrode and electrode 22 the most apical one.

[^1]: *Note*. CI = cochlear implant; F = female; M = male.

[^2]: *Note*. Statistical contrasts were performed on the lsmeans estimates from the mixed-effects linear model for each data type and electrode separation (*df* = 13.83). IO = ideal observer; CI = cochlear implant.
